Background and Purpose: Catheter-associated urinary tract infection (CAUTI) is the most common deviceassociated infection and can result in serious medical consequences. We studied the efficacy of a novel microscopic physical surface modification (Sharklet) for preventing bacterial colonization and migration of uropathogenic Escherichia coli on silicone elastomer. Materials and Methods: In vitro growth assays evaluated E coli colonization using three variations of micropatterned silicone surfaces vs a smooth silicone control. Enumeration techniques included quantification of colonies on surfaces and analysis of bacterial area coverage and colony size. In vitro migration assays involved placement of micropatterned and smooth silicone rod segments between two agar islands to measure incidence of migration. Results: All three variations of the Sharklet micropattern outperformed the control surfaces in inhibiting E coli colonization. On average, 47% reduction in colony-forming units (CFUs) and bacterial area coverage plus 77% reduction in colony size were achieved with the Sharklet surfaces in tryptic soy broth and artificial urine compared with the control nonpatterned surfaces. The incidence of E coli migration over the rod segments was reduced by more than 80% for the Sharklet transverse patterned rods compared with the unpatterned control rods. Conclusion: The Sharklet micropattern is effective at inhibiting colonization and migration of a common uropathogen. This performance is achieved through a physical surface modification without the use of any antimicrobial agents. Because deterrence of bacterial colonization and migration is a critical step to prevent CAUTI, the Sharklet micropattern offers a novel concept in addressing this important problem.
Introduction

I
ncreasing rates of nosocomial infection and escalating trends of bacterial resistance to antimicrobials are among the biggest problems the medical community is facing. Approximately 30 million urinary catheters are inserted into more than 5 million patients each year, and catheterassociated urinary tract infection (CAUTI) is the most common nosocomial infection.
1,2 About 95% of urinary tract infections (UTIs) are associated with the use of a urinary catheter, with an average cost of treatment of $44,043 for each hospital stay from CAUTI and a negative impact on patient recovery and quality of life. 3, 4 The current approach for preventing catheter-associated infections has been either systemic antibiotic prophylaxis or antimicrobial coating of the device surface to reduce the concentration of bacteria. 3 While antimicrobial agents can suppress UTI temporarily (for only days), colonization and infection of the urinary tract with resistant bacteria will eventually occur. 5 Once a biofilm forms, the biofilm-embedded bacteria become protected from antimicrobial agents. 6 In fact, when treated with antibiotics, these biofilms are not fully eradicated and begin to harbor antibiotic-resistant bacteria, which may compromise the effectiveness of these agents for even nonbiofilm-mediated infections.
A catheter that does not rely on surface chemistries or antimicrobial agents while inhibiting bacterial colonization will obviate the need for toxic or harmful chemicals in patients or for broad-spectrum antibiotics. Minimizing the application of antibiotics in this setting would offer significant advantage by minimizing the development of antibiotic-resistant strains of bacteria, which has become a widespread problem. 7 The purpose of our study was to investigate the efficacy of a novel surface technology to prevent bacterial colonization and migration of the most common uropathogen, Escherichia coli. The Sharklet micropattern is based on biofilm resistance seen in nature. 8 It has been shown that this biomimetic micropatterned surface inhibits bacterial biofilm growth without the use of antimicrobial agents. 9 This study focuses on the feasibility of using a Sharklet micropattern on a silicone Foley catheter to offer a new solution to CAUTI.
Materials and Methods
In vitro colonization assays
Materials: Silicone elastomer coupons, 12-mm diameter and 0.4-mm thickness, were used for all surface types. Surface types included three variations of the Sharklet pattern and smooth. Assays were carried out in two types of growth media: Tryptic soy broth (TSB) made per manufacturer's instructions or artificial urine (AU) made using common techniques for in vitro assays with uropathogens. Uropathogenic E coli was purchased from ATCC (#700336).
Methods: For each assay, 10 coupons per surface type (see statistical methods below) were challenged with E coli in growth media to assess the extent of colonization on each surface type, which was quantified using two measurement parameters-colony forming unit (CFU) enumeration and surface area coverage. Three variations of the Sharklet pattern were assessed: Positive Sharklet 2 · 2 (protruding features with 2 micron width and 2 micron spacing), inverse Sharklet (ISK) 2 · 2 (recessed features with 2 micron width and 2 micron spacing), and positive Sharklet 10 · 2 (protruding features with 10 micron width and 2 micron spacing) (Fig. 1) . The micropatterned silicone film was created as described previously. 10 Coupons were rinsed with ethanol and cohesively bonded to petri dishes, and sterilized with ethylene oxide gas. E coli inoculum was grown to a concentration of 10 6 CFU/mL in log phase in either TSB or AU sterile growth media, prepared daily using a well-established method. 11, 12 Coupons were immersed in inoculum suspension and incubated at 37°C. Dishes were replenished with fresh media daily up to 7 days. One dish was removed for enumeration at each time point: 24 hours, 48 hours, 3 days, and 7 days. The experiment was repeated three times for each growth media.
The enumeration procedure began by rinsing coupons in the dish with sterile NaCl with shaking at 100 revolutions per minute for 5 minutes. Rinse procedure was repeated three times to adequately remove nonadherent cells. Coupons were then punched using 8-mm sterile biopsy punches (to avoid counting bacterial colonies on unpatterned coupon edges) and placed in sterile NaCl in conical tubes. Tubes were sonicated for 1 minute on and 1 minute off for a total of 10 minutes, with 30 seconds vortexing before and after sonication. Cell solution was serially diluted and plated onto tryptic soy agar (TSA), incubated at 37°C for 24 hours, and subsequently CFUs were enumerated. Coupons for scanning electron microscopy (SEM) were taken out after the rinse procedure and exposed to osmium tetroxide for 30 minutes to fix cells, followed by graded ethyl alcohol series dehydration. 9 SEM analysis was at six predetermined locations on each coupon. Micrographs were analyzed for area coverage and average colony size using ImageJ software with techniques described previously. 9 In vitro migration assays
The migration assay was performed to assess the incidence of migration over Sharklet-patterned vs smooth silicone rods, based on a model previously used to examine incidence of migration over hydrogel-coated catheter segments. 13 Silicone elastomer rods, 1-cm long and 16F (5.3 mm) outer diameter, were used for all surface types. Surface types included two variations of the Sharklet pattern, each in two orientations (parallel or perpendicular to the long axis of the rod) and smooth. The same E coli strain was used as for the colonization assays. These assays were performed in TSA plates (Fig. 2) . Migration was measured as a plus or minus occurrence-plus meaning that the bacteria traveled from the inoculation site to the end of the catheter segment within a 24-hour incubation period, and minus meaning that no visible evidence of migration occurred.
The experimental procedure for the migration experiment was described in detail previously. 13 Our interest was to examine the difference in incidence of migration over the external surface of tubes, for which we made plugged tubes (rods) with and without the Sharklet pattern. Sharklet features were either parallel or perpendicular to the axis of radial 
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symmetry. All rods were made in silicone elastomer, segmented into 1-cm sections, and autoclave sterilized. The bacterial inoculum was prepared in log phase growth at 10 8 CFU/mL. The rod surface types were randomly assigned among dishes, with two rods per dish and a positive control (inoculation without a rod) (Fig. 2 ). E coli migration was inferred by growth of colonies on the agar adjacent to the end of a given silicone rod. Two experimental repetitions were carried out, with 30 replicates of each surface type used for each experiment.
Statistical methods
Statistically powered in vitro colonization assays were carried out to reject the null hypothesis that bacterial attachment is the same on all surface types. Sample size was calculated for a two-sample t test comparing CFU counts on Sharklet surfaces with smooth; assuming a power of 0.9, p £ 0.05, difference of means of 0.5 log and variance of 0.3 log, sample size is 9 coupons per surface type. CFU counts were transformed to percent reduction of colonization on each of the Sharklet surface types relative to the control surface using the formula (CFU Smooth -CFU Sharklet )/(CFU Smooth ). The same calculation was performed for SEM area coverage measurements. Percent reductions were compiled over the repeated experimental runs and analyzed for statistical significance via pair-wise Student t tests for p £ 0.05. To assess whether a particular surface type performed best, a one-way analysis of variance (ANOVA) was computed by comparing average percent reductions relative to the control for each Sharklet surface type in a given media. A two-way ANOVA for average percent reductions at each time-point for each surface type was calculated for CFU and SEM area coverage data in both media types.
Statistically powered in vitro migration assays were performed to validate rejection of the null hypothesis that bacterial migration occurs at the same frequency on all surface types. For a test of equality of two proportions, where p 1 is the proportion of smooth rods with positive migration, p 2 is the proportion of Sharklet rods with positive migration, and assuming p 1 = 0.3, p 2 = 0.1, at a power of 0.8 and a = 0.05, a sample size of n = 60 rods per surface type was calculated. For feasibility of performing the experiment, n = 30 rods were used per migration experiment, and the experiment was repeated twice. For each experiment, percent reduction was computed using (%Migration Smooth -%Migration Sharklet )/ (%Migration Smooth ).
Results
Colonization of this uropathogenic strain of E coli was inhibited by all three Sharklet micropatterns ( Fig. 1 ), which were tested in a static environment with both types of growth media. Percent reduction of both average bacterial counts and area coverage were calculated for each Sharklet micropattern compared with smooth for each experimental time point. These values were then compiled across all time points for all experiments conducted, separated by type of media and measurement method (Figs. 3 and 4) . SEM area coverage data showed statistically significant percent reductions in bacterial area coverage consistently for all Sharklet patterns relative to smooth control surfaces. CFU enumeration data showed higher variability, which is addressed in the Discussion section. All three Sharklet surface types performed equally well based on ANOVA analysis of the percent reduction of either CFU counts or the SEM area coverage at each measurement time point in each type of media. The Sharklet micropatterns also caused a statistically significant reduction in the colony size of E coli attached to surfaces (Fig. 5) , with an average 76% reduction in colony size for the various Sharklet patterns and
FIG. 2.
Example of an agar plate from a migration experiment, in which a Sharklet-patterned rod is at the top of the vertical tract and a smooth control rod in the middle of the tract. Inoculation sites are marked by dots (right side), with a positive control isolated at the bottom of the plate to ensure migration is not occurring on the plate surface. In this example, migration is observed across the smooth rod based on visible colonies at the other end of the rod (left side), but not across the Sharklet-patterned rod.
FIG. 3. Percent reduction in colony-forming unit (CFU)
counts on the Sharklet micropatterned surfaces compared with a smooth control surface. Error bars represent standard error of the mean. TSB = tryptic soy broth; AU = artificial urine; SK = Sharklet; ISK = inverse Sharklet.
as much as 80% reduction on the ISK surface compared with the smooth surface.
The Sharklet-patterned rods demonstrated significant inhibition in the migration of E coli. Rods with the Sharklet feature orientation transverse to the long axis of the rod (SK T) allowed migration to occur over only 5% of the rods compared with migration occurring on 13% of the Sharklet rods with feature orientation parallel to the long axis of the rod (SK jj) and on 26.7% of the smooth rods (Table 1) . Thus, an 81% reduction (P = 0.028) and 50% reduction (P = 0.216) in incidence of migration was achieved for the SK T and SK jj rods, respectively, compared with smooth rods (Fig. 6 ).
Discussion
Significant reduction of colony number, bacterial area coverage, colony size, and bacterial migration were demonstrated on Sharklet surfaces compared with smooth control surfaces regardless of time point, type of growth media, or Sharklet pattern type (Fig. 7) . The SEM bacterial area coverage analysis offered a more consistent measurement method for evaluating bacterial load on sample surfaces compared with the colony enumeration method. Although a similar result in degree of reduction of bacterial load was obtained for the colony enumeration method, the variances were larger. The incalculable variability between results of the viable plate count technique has been well documented and is likely because of the inconsistency in disaggregating biofilm.
14 Biofilm harvesting and disaggregation remain imprecise and biased techniques, despite the use of sonication and vortex mixing methods for removal of surface-attached populations. 15, 16 This remains a critical area of research as debate among biofilm experts continues. 14, 17 Imaging of biofilms avoids many of the limitations of colony dispersal and enumeration. 17 The unique nature of the Sharklet technology, which has no active kill mechanism and includes no biocidal agents, needs new techniques to quantify the antimicrobial effect.
The reduction in colony size on the Sharklet surfaces could be an indicator for the inhibition of colony proliferation. The exact mechanism of the Sharklet inhibitory effect on bacterial colonization and proliferation continues to be explored. 18, 19 Biofilm communities generally exist as large groups of attached cells, forming an exopolysaccharide matrix to house the community, 20 which are not observed on the Sharklet micropatterns. It is reasonable that limiting bacterial colony Sixty replicates of each surface type were included over the course of two experiment repetitions.
SK jj = Sharklet parallel; SK T = Sharklet transverse.
FIG. 6.
Percent of rods with observed migration of Escherichia coli after 24 hours of incubation. SKjj indicates that feature orientation was parallel to the long axis of symmetry and SK T indicates that feature orientation was perpendicular to the long axis of symmetry. Error bars represent standard error of the mean. SM = smooth.
size would inhibit biofilm expression. This observed biofilm phenomenon is important because of its relevance to the pathogenesis of device-related infections and needs further investigation. Interestingly, the Sharklet micropatterns also effectively inhibit bacterial migration compared with smooth surfaces. This effect has important implications for preventing CAUTI, because the mode of bacterial access into the bladder is primarily via extralumenal migration of bacteria that originate from the interface between the urethral meatus and catheter external surface. 3 An important result from this experiment was the indication that the transverse Sharklet feature orientation offered a more significant reduction in migration than the parallel orientation. This behavior may be related to the physical barrier created by the features of the Sharklet micropattern when oriented perpendicular to the overall direction of migration. It is worth noting that this species of E coli did not have any swimming or swarming motility and, thus, no apparent mechanistic drive for migration, possibly explaining the low incidence of migration for even the smooth control rods. Future migration studies will be conducted using motile species of other uropathogens in an in vitro migration model that more closely resembles the in vivo environment. 21, 22 The Sharklet micropattern represents a paradigm shift in the current strategy using chemical modifications to surfaces of medical devices, instead relying on a microscopic texture to provide an inhospitable surface for microorganism colonization. Existing Foley catheters aimed at inhibiting bacterial colonization of the catheter surface all rely on antimicrobial agents incorporated into the catheter material or applied onto the catheter surface. These formulations have not been shown to produce statistically significant reductions in the incidence of symptomatic CAUTI. Although some antimicrobial-based formulations have been associated with reduction in bacteriuria, the use of certain agents could eventually lead to emergence of antimicrobial resistance in the presence of exceedingly high bacterial counts in the catheterized bladder. The unique micropatterning approach of the Sharklet design offers an antimicrobial function that does not rely on antimicrobial agents.
While previous studies have examined the use of microscopic surface structures to direct microorganism attachment, 23, 24 the Sharklet pattern is the first microscopic surface texture designed to inhibit bacterial colonization and migration. Explanation of the mechanism behind this unique effect to prevent microorganism colonization through microscopic texture alone has led to an ''Engineered Roughness Index'' and other models of material properties that affect microorganism behavior. 18, 25, 26 
Conclusion
The Sharklet micropatterned surfaces demonstrated the ability to inhibit colonization and migration of uropathogenic E coli under growth conditions in vitro. This effect was from the shape modification of the surface alone, without the use of chemical agents. The results of this in vitro study suggest that a Sharklet-patterned Foley catheter would likely allow significantly less bacterial colonization and lower rate of bacterial migration over the device surface than the standard of care smooth surface Foley catheters. Further studies are needed to assess the ability of this surface technology to inhibit colonization and migration of other pathogenic microorganisms and under in vivo conditions. Ultimately, clinical testing will be needed to confirm the ability of the Sharklet-patterned surface to reduce CAUTI. A urinary catheter with the Sharklet modification may offer a much needed alternative to antimicrobial agents in the effort to prevent CAUTI.
FIG. 7.
Compiled percent reductions for all measurement parameters comparing Sharklet surfaces with smooth. Chart represents compiled data for all Sharklet surface types at various time points for both artificial urine and tryptic soy broth. Data are compiled for several sets of experiments; analysis for each measurement parameter was performed for specific subsets of the experiments. The migration experiments were carried out using a different protocol compared with the other measurement methods, as described in the Methods section; result shown is for the transverse feature orientation. Error bars represent standard error of the mean. CFU = colony-forming unit.
